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VALVE-SPRING SURGE* 
By Willy Marti 

Cn account oi" the high-speed motion of an injection 
valve there are set up oscillations in the valve spring 
and these impar t ^ great er stress to the springs than would 
"be the case if their inertia were neglected. 

Since, for reasons of space and weight- saving , valve 
springs are more highly loaded than the other machine ele- 
ments, it is essential to know the actual maximum stress 
of the spring. This knowledge is obtained either hy de- . 
termining the vibration strength of the springs after man- 
ufacture or hy m.easiiring the actual spring stress as a 
function of the speeds under which it is operated. 

A knowledge of spring oscillation is also useful for 
the following reason. As the valve is opened the moving 
mass is accelerated "by the pressure of the cam and again 
decelerated by the spring, the deceleration being assisted 
by the friction of the guide. When the valve closes the 
mass is first accelerated by the spring and then deceler- 
ated by the cam, and in this case the friction diminishes 
the accelerating action of the spring force. As a result 
of the spring oscillations the force of the spring is de- 
creased for brief intervals so that there is set up a 
knocking at the bearing roller at lower speeds than would 
be t,he case if there were no such oscillations. 

Under the condition of resonance the oscillating 
spring contributes to the general noise, since the natural 
frequencies of the springs commonly employed correspond to 
the range of audible tones. When the distance between the 
coils is small and the amplitude rf the oscillations large 
the windings may come in contact with each other and dam- 
age the surface, for example, of polished springs, result- 
ing in a lowered vibration strength of the spring if it is 
made of alloyed steel* 



* "Vent ilf ederschwingungen . " Thesis submitted in partial 
fulfillment of the requirements for the degree of 
Engineer in Mechanical Engineering Aeronautics, Federal 
Polytechnic Institute of Zurich, 1935, pp. 1-20. 
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A knowledge of the mechanism of spring oscillation is 
applicatle to (jther elastic vihrating columns. In the 
fuel line of a Diesel injection system there occur, after 
injection, pressure fluctuations similar to those in the 
spring after the valve lift. The propagation of an elec- 
trical impulse in a cahle having capacity pnd self induc- 
tion follows, as we know, the same laws and corresponds to 
the same differential equation as the longitudinal waves 
of an elastic column. 



TESTS ON SPRINO SURG-E THAT HAVE ALREADY BEEN PUPLISHSD 



Prohahly the simplest and clearest method of render- 
ing the motion of the spring coils visihle is that given 
ley W. Weihull (reference 1). He fastened a small rod run- 
ning radial to the spring axis to each turn rnd projected 
the shadows on a slit perpendicular to the rods. The 
light rays thus cut out described on a rotating photo- 
graphic film the motion of each turn as a function of the 
time, 

Fi'^-'ure 1 shows what happens when a weight strikes 
upon the spring which is in a vertical position. The im- 
pulse is propagated from coil to coil with a constant 
velocity and reflected at the ends of the springs. After 
the pressure wave has traveled several times up and down 
the weight is again thrown up "by the spring under tension 
and the spring then continues to oscillate with its natural 
frequency. Stroho scopi c m.ethods were employed "by Swan, 
Savage (reference 2), and von Lehr (reference 3). One ar- 
bitrary coil, usually the center one, is marked and oh- 
served s t r o t o s c op i cally . The motion of the coil is con- 
trolled "by the cam and the coil is illuminated for an ex- 
tremely short interval in the same angular position. The 
lift of the coil, which a op ears at rest, may in this way 
he read as a function of the angle and of the time. The 
time-distance curve thus obtained is the resultant of 
several rotations and may easily contain errors - for ex- 
ample, if the position of resonance is not maintained 
accurrtely as a result of small fluctuations in the speed 
during the test. 

Lehr describes a method whereby the center spring 
coil having a small strip attached to it covers and un- 
covers a slit parallel to the spring axis and is photo- 
graphed on a rotating film. The time-distance curve of 
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the turn then appears as a line separating "bright and 
dark areas. 

AUTHOR'S TESTS 



Time-distance curves of moving machine parts may he 
ohta.ined hy the well-known method of using a hridge and 
oscillograph, A preliminary test employing this method 
was made on a valve spring of a Diesel engine on a test 
stand. To the center coil was soldered a spring steel 
tongue which slid along a ni ckel- chromium wire (fig. 2). 
The "bridge current is proportional to the distance moved 
"by the coil, provided the variation in the resistance is 
sma.ll compared to the resistance R. As may he seen hy 
comparing an oscillogram (fig. 3) with those ohtained lat- 
er, the spring surge dies down very rapidly. This is due 
to the damping action of the strong pressure between the 
hridge wire and the sliding contact, A decrease in this 
pressure produces an unsteady fluctuation of the contact 
resistance and results in a deformation of the curves so 
tha-t they are hardly r e cogni zahl e • For this reason resa- 
nance phenomena could not he recorded although these ap- 
peared when there was no contact friction. There were 
nevertheless revealed speed ranges within which the ampli- 
tudes were large and others with smaller amplitudes. 

In order to "be aole to continue the tests in the lah- 
oratory an apparatus was constructed of the form shewn in 
figure 4, consisting of shaft, cam, roller, and spring. 
Two heavy pulleys at each end of the shaft acted as fly- 
wheels to render the sT)eed uniform. 

The tension prcdu.ced hy the vihration is largest at 
the spring ends. Experience has shown that spring fail- 
ures occur mostly in the outermost coil unless there is 
some flaw in the material at some other point. Consider- 
ations of strength and acceleration forces make it advisa- 
ble to inve st icp-at e the stress at a spring end and not Just 
any arbitrary deform.ation or velocity. 

Measurement of the sr)rin<-4' pressure with carbon plate 
indicators failed on account of the hysteresis effect. 
(The calibration curve for rising pressure does not agree 
with that for falling pressure.) 

The comiDression of the last turn is a measure of the 
stress at the spring end but it a^opeared too difficult to 
convert this compression into a mirror rotation or elec- 
tric current. 
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The most promising method a'opeared to he that of re- 
cording the change in inclination of the wire axis. To 
the outside turn ivas soldered a small knot and on it was 
fixed the small oscillograph mirror. The test 'apparatus 
with the spring in horizontal position was then set up 
near the oscillograph in such a manner that the small mir- 
ror lay in the position of the mec?.suring loop. The re- 
flected light ray c'escrihed on the film drum the tension 
of the spring end as a function of the tim.e. 

Figure 5 shows o sci llogramis obtained "by'this method. 
Resonance is set up, as we know, when the natural fre- 
quency (or an integral m.ultiple thereof) coincides with 
an integral multiple of the cam speed. For any interme- 
diate speed the amplitude remains small. The critical 
speeds lie so near each other, however, that it seems 
prac t i cli'.lly hopeless to determine the resonance speeds in 
advance to a sufficient degree of accuracy so as not to 
ha.ve the speed of the machine coincide with any critical 
speed. 

It may nevertheless he seen from the oscillograms' 
(fig. 5) that the increase in the dynamic tension is not 
equally large for each resonance condition and this justi- 
fies the hope that it nay he possihle to avoid excessively 
large dynamic stresses within certain speed ranges. 

The test method just descrihed likewise had to he 
given up as not heing sufficiently accurate. The testing 
of the spring on a spring scale showed that the relation 
.h'etween the stress and the light heam displacement was not 
linear, since the last turn lifts less a^nd less as it is 
compressed. There arise, moreovor, other disturhing ef- 
fects due to the oscillation of the spring at right an- 
gles to the spring axis, and the resulting deformations 
are likewise recorded on the film and falsify the record 
(fig. 5, 18 to 20 oscillations per rotation). 



The author had, meanwhile, for the purpose of gener- 
al investigations on the Diesel engines, constructed a sys- 
tem of three quartz indicators wherehy three different 
pressures could he synchronized and simultaneously record- 
ed on a single o scill o.'^ram . 

The first preliminary tests with this apparatus of 
Kluge and Linckh (reference 4.) showed the promising pcssi- 
hilities of ap-olication of radio amplifiers to the field 
of pressare and force recording. 
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When pressure is applied to a crystal cut in a spe- 
cial way, there arise on each surface under pressure 
electrical charges which charge a rotating condenser K 
(fig, 6) to a voltage which is proportional to the pres- 
sure. An electrostatically operating amplifier must now 
convert this voltage into a proportional current without 
therehy drawing charge from the condenser. The first tube 
of the amplifier therefore consists of an electrometer 
with araher insulated leads to the grid. (The rotating 
condenser of 1,000 centimeters capacity was likewise insu- 
lated against the ground hy means of amher. ) The tuhe op- 
erates with an anode voltage of only six volts as this 
voltage lies "below the ionization voltage of the residual 
gas in the tuhe so that no grid currents are set up as a 
result of ionization currents. A separately heated output 
tuhe is electrostatically cour>led to the electrometer tuhe 
(fig. 6). 

In order that the lead from the quartz to the grid 
may not act as an antenna and assume too large and uncon- 
trollahle a capacity with respect to earth and thus re- 
sult in high insulation losses, it must he kept very short, 
i.e., the amplifier must "be set up near the crystal. A 
hare copper wire about 0.5 meter connects the center elec- 
trode with the amplifipr. It appeared that a static 
shielding screen was unnecessary and might even prove harm- 
ful since, as a result of any fluctuations of the conduc- 
tor with respect to the screen, capacity and voltage fluc- 
tuations may he set up and these may falsify the pressure 
0 s cillr. t ion s on the oscillogram. 

The second amplifier tube is somewhat sensitive to 
vibrations, especially if a tube is chosen that can give a 
linear characteristic with a ±5 mA current. The metal 
housing of the amplifier was therefore supported on weak 
springs and in this way the vibrations could be entirely 
kept down. 

In practical operation larger distances between am- 
plifier and 0 scillo 'sraph are unavoidable. In order to be 
able to use the amplifier simul ta.n eously for observation 
on a ground-glass plate, a central switch desk was lowered 
on the oscillograph table and was connected with plug 
sockets and a 9-wire cable to the three amplifiers. In 
the diagram.s (fig. 6) are shown the three amplifiers above 
and the switch desk below. The vertical lines to the 
right represent the 9-wire connecting cable to which one 
to three amplifiers can be connected. 
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Before any measur em.ent s are made the amplifier is ad- 
justed so as to give linear readings. From the s^^itch desk 
are drawn together all the relays R which connect all the 
grids with the potentiometer P^^ . Y/ith the potentiometer 
equal voltage intervc^ls can "be measured and thus in a few 
seconds the voltage sensitivity and linearity may he 
checked* If necessary, the closed circuit current compen- 
sator '3- may le so adjusted that the linear portion of 
the amplifier characteristic includes the entire oscillo- 
gram width of 120 millimeters. 

If the relays are again disconnected the light "beam 
indicator remains for some time in the same position; i.e., 
the condenser remains charged for some time with the po- 
tential it finally received. Due to poor insulation, it 
discharges within a few minutes. Periodic pressure curves 
are therefore shifted in the direction of the oscillogram 
width until the mean pressure with respect to time coin- 
cides with the zero point of the condenser. The zerc 
point of the oscillogram must he adjusted according to the 
form of the curve. For this purpose the potential of all 
the cath^r-des may he varied 'jy means of the potentiometer 
Pg which, however, shifts the zero points of all three 
cui;ves simultaneously. To adjust the zero point of any one 
curve it is necessary to connect an adjustable voltage 
ahead of the grid between condenser and ground. 

Before the c s c ill o^.7:ram loop is connected in, the pro- 
tective resistances 3 are disconnected in steps so that 
the measuring coil of the oscillogram may not "be overload- 
ed hy an inaccurately compensated compensating current. 

The source of current for the anode was a battery of 
storage cells supplying 150 volts. It is also possible to 
use a network connection provided the current is suffi- 
ciently well smoothed out by filters. If more current is 
suddenly drawn from the network the current cannct immedi- 
ately adjust itself to a steady condition due to the chok- 
ing action of the filter. The current must therefore be 
stabilized by means of a sufficiently large condenser. 
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THEOI^r OF IN FAIVE S?EIAVr5 

In the derivations given "below, the following nota- 
tion /will "be used: 

d is the mean diameter of turn 

J, polar moment of inertia 

F, or o s s ec t i onal area of spring wire 

6, diameter of round spring wire 

p, number of active spring turns 

I , length of spring uncoiled 

p., reduced mass of spring per centimeter wire 
length = 

* * i = i 

k, dam.ping constant per centimeter of wire length 

t , time var iahl e 

y, lift of a spring coil at distance x 

X, distance from the fixed end of the spring 

Y, specific weight of spring 

g, acceleration of gravity 

G- , torsional modulus of spring steel 

V, velocity of spring coil 

T.^ tension of spring 

Tq , spring tension at lift h^ 

M, torsional m/^ment corresponding to T 

h, valve lift as function of cam angle 
hQ , maximum valve lift 
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Tp , time interval for a :U stiir"bance to run up and 
down the spring 

W3, speed of propagation of an elastic disturhance 
along the \vire axis 

(ju, angular velocity 01 cam 

cp, angular setting of cam 

natural angular velocity of spring 



0 ' 



The well-known differential equation for the elastic dis- 
turlance of a spiral spring reads (reference 5): 



dt^ 3t 3>:" d^ 



The velocity with which an elastic distur^bance without 
damping is propagated along the spring wire is: 



V ^ y p + ij 7 y Fd^ V 



It may he noted that the value of y ~ is identical 

with the velocity of propagation of torsional di sturhances 
in smooth rods. 



Let a spring that extends to infinity in one direc- 
tion have the other end moved according to a definite law 
of velocity. Velocity waves will 'oe propagated along the 
spring axis with the disturbance velocity. Together with 
the velocity wave and unseparahly connected with it, there 
is propagated a cor r es-oonding stress di s t r i "but i on (tor- 
si onal stress). , 

The following application of the principle of conser- 
va^tion of momentum shows hew the velocity and stress de- 
pend on each other: In the very short interval dt , the 
velocity at the starting end of the spring is changed hy 
amount Av , for which a change in force AP is required* 
This change in velocity has moved forward in the time dt 
the distance Wg dt . By the principle of conservation of 
momentum , 
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/iP dt = (J, dt At 

AP = 4 M ^ ^ 
d/2 ^ ^ 

SulDstitut ing the values for \i and Wg there is obtained 
an expression for the dynamical torsional moment 



The dynamical stress "becomes for all cross sections 



T.iyn = 3 y-g- Av (3a) 

where the nondimens ional numerical coefficient 3 depends 
only on the form of the cr o s s- s ec t i onal area* 

For steel springs with round wire section 

At = ^60 Av approximately (kg/cm^; m/ s ) 

In a gun spring, for example, the initial stress de- 
pends not on the spring dimensions hut on the initial ve- 
locity at one end of the rehounding gun "barrel, on the 
form of cro ss- sect ional area of the wire, and on the mate- 
rial. 

REFLECTICN OF THE WAVES AT ENDS CF VALVE SPRINa 



For a spring of finite length, proportionality like- 
wise ottains hetween the disturbing velocity change and 
the stress wave. The total stress at any point of the 
spring consists, however, of the superposition of all the 
stress waves traveling up and hack. 

The reflection of a disturbance, consisting of the 
velocity and stress waves, at a fixed wall occurs in the 
following manner (fig. 7): 

The condition of a fixed wall requires that the veloc- 
ity of the spring elements adjacent to the wall should he 
zero at every instant. This condition may he satisfied hy 
superposing a moving symmetrical disturbance, as would be 
obtained by mirror reflection, on the original disturbance. 
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(In fig. 7 the velocity waves are drawn symmetrical ahout a 
point (centra], symmetry), since the velocities when consid- 
ered as scalars have reversed signs. The velocity vectors 
are naturally also syiTimet r ical ahout a line.) 

On account of the central sym.metry the velocity van- 
ishes at the wall at each instant. The wave on the left 
travels to the right and is not considered for any further 
investigation. The wave on the right travels toward the 
left, is similarly reflected at the disturbing end of the 
spring, and so travels up and down several times. 

The same phenomenon will occur when the other end of 
the spring is simultaneously disturbed. Both disturbances 
would give rise to symmetrical waves of stress which would 
be doubled at the wall d. 

Figure 7 shows the wave drawn shorter than the length 
of the spring. Only two waves are therefore superposed. 
Actually the disturbance producing the waves is very slow 
compared to the velocity of propagation of the disturbance. 
The valve opening time is very large compared with the pe- 
riod Tq that" it takes a wave to run up and down the 
spring. This fact does not in any way affect the, process 
of reflection but ma.kos the superposition somewha-t more 
compli cat ed. 

The wave reflected at the fixed wall will now again 
be reflected at the disturbed spring end and after an in- 
terval a-gain arrive at the fixed v;all. At the wall the 
doubled stress vraves add up after the interval T^ , the 
wave twice reflected after an interval 2T^ , the wave 
three times reflected after an interval ?To , etc. 



THE DYNAMICAL STRESS OF THE VALVE SPRING- FOR 
A SIITOLE LIFT OF THE VALVE 



From the discussion given above, the dynamic stress 
at the fixed end of the spring 'is the resultant of the 
stress wa.<ves reaching that end after equal intervals (after 
each period T^ ) , the stress doubling at each reflection. 
If we denote the disturbing velocity function by v^ , then 
the total torsional moment at the fixed wall for a single 
valve lift and for springs of any cross section is accord- 
ing to equa^tion (?): 
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/ GV 

In order to ottain the simplest possihle relations, 
this equation will "be converted into nondimens i onal form. 
Since the cam angle cp equals uut , the foregoing equation 
may be written Tyith indices cp , cp. - ^^T^ , cp - ^u'T^ , 
cp - 2wT^ , cp - 4(juT^ , etc. 

Let the movahle end of the spring move with lift h, 
which is a function of cp . The velocity is then 

Vcp = iXJ 

dcp 

and the above equation is transformed into 



+ 

CiuTo 



2 (^^) 1 (4) 

vdcpy^^^^uJTo J 

For a slow compression of the spring the torsional 
moment of the spring according to the theory of strength 
of materials is 

M = ^^^5 ho (5) 

The difference in torsional stress "between lower and upper 
cam positions is therefore: 

M„=ffh (6) 

The period of a vibration, which is also the time required 
for a wave to run along the spring up and 'back:, is 



rn _ al _ 7 /Fd^ y ■ 
and the angular frequency of the fundamental vibration is 
?o T y F-c Y I d y JFGY ^ ^ 



By combining equations (6) and (7) 
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M 



0 - 



ho ^0 



TT 



JF ^1 
S 



(8) 



Dividing equation (4) equation (S) 



M 



+ 2 (^^) + 2 ^4^^ + .... 

The ratio (juo/oj = z, r:hich is the nnmher of natural vihra- 
tions per cam revolution, will "be taken as a measure of 
the time. We furthermore set 



O) Tr 



z 



so that ^^e ohtain: 



Jdyn _TT_ 



ho z 



/dh\ /dh\ ^ /dh\ 



srr 



(9) 



The stress at the moving end of the spring ^vill then "be 



'^dyn 



n 



hoz |_ ^d.cp/^ 



+ 2 



(10) 



The first wave does not enter douhled into equation (10) 
since it has arisen from a velocity disturbance and not 
"by reflection. 

Both curves r epr sent ing equations (9) and (10) dif-* 
far from equation (5) only "by the superposition of the 
additional dynamic stress. After a time equal to the in- 
terval of lift, functions 9 and 10 "become periodic. 

From the relations derived a"bove the result follows 
that the magnitude of natural oscillation for a single 
lift of the valve depends only on the cam contour and the 
natural frequency of the spring. The spring material and 
dimensions affect only the natural spring frequency. The 
computation of the dynamical stress is reduced to the addi- 
tion of dh/dcp curves shifted from each other hy an equal 
amount 2tt/z. Magg in 1912 derived a similar though, not 
-nondimensional formula. 
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MEASUREMEIIT OF THE dh/dcp CURVE CF THE CAM TESTED 

It is not advisable to obta.in the dh/dc? curve by- 
graphical differentiation of a measured lift curve since, 
as we know, the method of graphical differentiation is very- 
inaccurate. The velocity curve, it is true, is generally 
known from the cam computations from which the workshop 
drawing has been made, but due to faults in workmanship 
there are errors in using the cam pattern that may not be 
neglected. It was therefore attempted to carry out! the 
differentiation experimentally on the test machine and the 
attempt proved successful. 

To one of the flywheels (fig. 4) of 370 millimeters 
diameter, a strip of paper divided into millimeter divi- 
sions was glued on in the direction of the perimeter, and 
a permanent horseshoe magnet was mounted on it. A preci- 
sion dial gage was fixed on the stand so that on turning 
the flywheel 'I'^eeler'' of the dial gage was moved by the mag- 
net. The center of the "f eelei^' was at a distance of 220 
millimeters from the axis of rotation. The flywheel was 
now turned several times accurately ±2,50 ram = iO.65^ 
(5 dial gage revolutions). With a second instrument the 
change in lift Ah which varied between 0 and 0.80 milli- 
meter vras determined. The measuring was repeated after 
the magnet was shifted each time 5 mm = 1.55 along the 
millimeter paper. The quotients Ah/AcD could be repre- 
sented without any scattering by a smooth curve as a func- 
tion of cp (fig. 8). The accuracy is equal to that of the 
measurement of the change in lift since the change in the 
angle of ±0.65^ corresponded to ±250 graduation marks, so 
that the error for Acp could be neglected in comparison 
with the errors for Ah« 

The positive and negative areas of the dh/dcp curve 
deviated by only about 2 percent and gave the value of the 
maximum lift taking the scale of the figure into account. 
An attempt was next made to approximate the velocity curve 
(shown dotted in fig. 9 ) by a trir.ngular-shaped curve 
(fig. 9). The superposition of the triangles in accord- 
ance with equation (9) yielded a curve with sharp angles 
different from the corresponding oscillograms to be dis- 
cus s ed ^ lat e r . If, however, the accurate curve is used, 
there is obtained the dotted stress curve (c in fig. 9) 
which is appreciably different. 
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SIMULTANEOUS RECORPINCr OF THE STRESS AT 
BOTH ENPS CE THE SPRING- 



A pair of quartz crystals was connected at each end of 
the spring. (In pi ezo- elect ric measurements two-quartz 
crystals are used, in general, so as to make the insula- 
tion of only one electrode necessary (fig. lO)). On one 
side of the spring the force was transmitted to the crystal 
through a guided coupling, since rather long springs would 
otherwise easily Ir^uckle. A similar guide was also provided 
at the moving end. The weight of the latter guide, how- 
ever, necessitated its acceleration so tha.t the accelerat- 
ing force was superposed on the spring force and for this 
reason the guide was dispensed with. 

In order to test the Magg theory for the oscillations 
of a spring during a single lift of the valve, the stress*- 
es at "both ends of the spring were computed according to 
equations (9) and (10) for z = 20 oscillations per rota- 
tion, and the same curves were chtained with the oscillo-* 
graph (.figs. 11 and 12). 

The oscillogram was obtained for a single lift "by 
damping the resonance vilrration of the spring through hand 
contact. The first lift after the spring is released "be- 
haves, as is evident from figure 12, as a single lift. 

The wave character of the escillations is clearly 
"brought cut "by the computed curves together with the cor- 
responding oscillograms. The initial rise in pressure is 
linear like the velocity diagram and not parahclic like 
the lift. The pressure rise at the stationary end occurs 
after a delay of half a vibration period; i.e., after the 
distur"bance has traveled from the moving to the fixed end. 
Figure 13 shows the stress at each end of the spring for 
the condition of resonance. It may "be seen that it is 
chiefly the first harmonic that is excited. The harmon- 
ics at the ends are shifted in phase hy 180^. The natur- 
al vibrations of odd order 1, 3, 5, etc., produce pressures 
at "both ends of the spring having a phase shift of 180^, 
whereas those of even order are in phase. The proof for 
this is found in the following test: 

Instead of leading the static electrical charges of 
each pair of quartz crystals to each amplifier, the charges 
were superposed a,nd cond'iicted to only one amplifier. The 
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oscillogram thus ohtained then represents the instantane- 
ous sum or arithmetical mean of the forces at the spring 
ends and the even orders therefore disappear frcm the os- 
cillogram. Fi/^ure 14 shows, for example, such a record 
for z = 19. Actually, the ?8 vihrations per rotat-ion re- 
corded were of the second order. Immediately thereafter, 
the pressure curve at the stationary end of the spring was 
taken for comparis.on on the same figure. 

If the poles of one of the crystal pairs are inter- 
chr.nged and the charges at hoth ends of the springs added, 
the oscillogram will show the difference in spring forces. 
The difference includes, however, only the odd orders. 
The stress during the lift is no longer shown cn the os- 
cillogram (fig. 15). Only the decreasing vihration of the 
first order is seen and this is "built up again during the 
lift interval. 

SPRING OSCILLATION DURING A SINGLE LIFT 

AS A FUNCTION OF TEE SPEED 



In order to test the ahove theory of waves propagated 
in springs, the dynamical stress of the spring was comput- 
ed for z = 12 to oscillations per rotation. Since 
one oscillation within this range lasts from 15 to 30^, 
the velocity curves must be added 2^ apart in order to at- 
tain sufficient accuracy. The shifts (?60^/z), that is, 
the amounts by which the velocity curves are shifted from 
each other and must be added are given in the following 
tabl e : 



^dilations ' 2-12 

rotation 
1 - . . i 


■ 

13 


14 


15 


16 


17 


18 


19 


20 


21 


22 


23 


Degree 
shift, 
exact 


30 


27.7 


25 . 7 


24 


22.5 


21.2 


20 


18.9 


18 


17.2 


16.4 


16 .7 


Degr e e 
shift , 
appr ox- 
imat e 




27.5 


25 .5 


24 


22.5 


21.0 


20 


19 


18 


17.0 
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In order to simplify the computation, the accurate 
values of the shiit-s were rcunded off to integral or half- 
integral values. The ordinates of the velocity curve which 
was drawn to large scale were then tabulated for each half 
degree, Taole I, page 17, shows, for example, the compu- 
tation procedure for z = 20 oscillations per rotation. 
The column headed (dh/dcp)^ repeats itself in the remain- 
ing columns each time with a shift of 18^. In the column 
headed Z dh/dcp the previous colum.ns were added, taking 
into account the correct sign and finally, in the last 
column, they were multiplied "by 180^/hpZ X 2 "by which 
the values appeared in nondimen si ©nal form "T'dyn/'To* 

It may he seen from the ta.hle that after the first 
lift an oscillation "between '^dyn/'^o = 0.1.^^9 and -0.116 
remains "behind. Actually this amounts to ±0.125. The de- 
viation was caused "by the inequality in the velocity areas 
mentioned a"bove. In the diagrams later given, the error 
was corrected each time. 

For practical purposes the foregoing computation need 
only partly he carried through. To compute the spring os- 
cillations, a knowledge of a complete oscillation period 
at the lower position is reauired. 

The computed curves for z = 12 to 2? are shown in 
figure 17. For greater clearness the scales were omitted 
since the distance between the center line of the top and 
bottom stops always corresponds to '^d.yn/'^o = 

The samie diagrams were obtained with the oscillograph 
and are shown tcgethor in figure 16. In order that the 
oscillograms may correspond to a single lift res<^nance was 
again set up as described above; the oscillation was damped 
and the swinging recorded. The first lift after the damp- 
ing is removed corresponds to a single lift. Computations 
and tests v/ere carried out for the stationary end of the 
spring, and they agree to a sufficient degree of accuracy.* 
The oscillograms confirm the method of Magg. 



*Since the damping could not be removed suddenly and often 
not accurately enough between two lifts, the jags on the 
oscillograms are somewhat smaller. 
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COMPUTATION OF AMPLITUDE OF OSCILLATION FOR 
A SINGLE LIFT BY HARMONIC ANALYSIS 



The velocity may he represented hy the following 
Fourier series: 



ai sin ep + sin 2cp + a^ sin 3cr) 
dh _ J o . 

^ + h^ cos cp + h^ cos 2cp + h3 cos 3cp 



The method of computation indicated hy equations (9) 
and (lO)^may he applied to each harmonic separately since 
the partial results may he superposed for each harmonic. 

The superposition of the first sine term according to 
equation (9), namely: 

ai sin c? + ai sin (qd ^ + an sin fcp - 2 + 

+ ai sin (^cp - [z - 1] 

"becomes zero as one may easily convince oneself by drawing 
a star-'shaped vector diagram. The z vectors form angles 
of 2rr/ z with each other and balance out. The same holds 
for the first cosine term. 

The vectors aa and hg form angles of 2 x ~ and 
their vector sum likewise vanishes. 

It will be found, finally, that the superposition of 
the harmonics 1 to z - 1; z + 1 to 2z - 1^; 2z + 1 to 
3z - 1, etc., cancel out and only the harmonics z, 2z, 3z, 
4z, etc., add up to give the superposition sum, namely: 

zaz sin 2:p + za^^ sin 2zc? + za32 sin 3zCp + . . . -f 

+ zbg cos 2cp + zb^z cos 2.z^!? + zb3z cos + ... 

Substituting the above in equation (9), we obtain the rela- 
tion: 

T^Lyn _ / ^^'"^ ^32; sin ... 

^ ^o I +bz cos zcp + bgj; cos 2zcp + b32 cos 3zcp ... 

(11) 
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Equation (ll) expresses the condition that the natural os- 
cillations of the spring are in resonance with the harmon- 
ics of the disturbing velocities and the coefficient of 
the indices denotes the num'ber of o scillati on ■loop s . The 
amplitude of the forced oscillation is proportional to the 
exciting harmonic of the dh/dcp curve. 

In order to compare equation (11) with the previous 
results, the velocity curve of the test cam was developed 
into a Fourier series according to the method of Runge and 
with the aid of 72 ordinates. From the results of the ex- 
ample (fig. 9), it follows that a smaller numher of ordi- 
nates would not "be advisable. In the analysis, however, 
the higher ordinates may "be neglected and the forced os- 
cillation after a single lift assumed to "be a sine wave 
to a first approximation. 

The agreement "between the "oscillation spectrum" ob- 
tained by each method is satisfactory (fig. 18). The ad- 
dition of z curves shifted with respect to each other by 

leads to quicker results, however, than the har- 
monic analysis. 

EFFECT OF CAM PROFILE 

From equation (9), it follows that the contour of the 
cam determines the magnitude of the oscillation ampli- 
tudes. An example of a simplified velocity curve shows 
what points must be considered in order to reduce to possi 
bilities of spring surging. Interesting information is ob 
tained when there is first investigated the result^s of a 
single lift by the cam, (dynamic compression of an elastic 
column). For this investigation two velocity curves will 
be employed - one consisting of an isosceles triangle, a.nd 
one of a, ha.lf-sine wa.ve. Instead of z oscillations per 
rotation, the relation e = T^Tq vrill be introduced, 
where Tq denotes the natural period of the oscillation 
of the first order, and T» the interval of lift equal 
to the base of the triangle or of the sine half-wave. At 
the upper stop the spring rem.ains in a^n oscillating con- 
dition. The maximum amplitudes Aij^ax expressed as 
a fraction of which is the stress corresponding to 
the maximum lift. 

For the triangular velocity curve the peaks of the 
stresses ar e 
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At 



max 



( 



0,5 + m 2 



(12) 



wherefor e=0to2, 2to4, 4 to 6, 6 to 8, etc. 

m = 0 1 2 3 ■ 

For the sine half-v/ave Trithin short ranges, the following 
formulas hold: 



for € = 0 to 1.5 
1.5 to 2.5 



'0. 

a = 1 



2e 



a = 2 sin TT 



(13) 



2.5 to .^.5 a = 
3.5 to 4.5 a = 



1+2 sin TT 1--^ 
2 € 



2 sin TT |-"--^ + 2 sin TT 



4.5 to 5.5 a 



rr 1 + 2 sin TT + 2 sln 

2 € 2 € 



Both formulas are graphically given in figure 19 and were 
obtained in the following way: The curves were graphic- 
ally superposed in accordance with equation (9). This 
representation served only as an approximate indication 
and for greater accuracy the addition was performed analyt 
ically. A special formula was thus found for each region 
hetween the tangent discontinuities in figure 19. The for 
mulas for all the suhdi vi s ion s arranged in series showed a 
certain regularity and from these, formulas (13) and (14) 
w erode rived. 

There are, accordingly, certain ratios for T^Tq 
for which no - or only slight - oscillations are "brought 
a"bout "by the compression (zero point of the first kind). 
If the upper portion of the time-velocity curve of the 
spring end as it moves up, is symmetriCr^ 1 with respect to 
the center of the lift, and if the up and down motions are 
symmetrical, then the following characteristics appear: 
The form and amplitude of the oscillation are congruent 
for the up and dovm travel and differ "by a phase shift 
which depends on the time interval T" "between up and 
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down travel. The oscillations of the two halves of the 
curve either add up or cancel each other according to the 
phase shift (zero "ooint of the second kind). In order to 
illustrate this hehavior, a few oscillation diagrams are 
shown on figure 20 for the triangular velocity curves with 
T" = 1.5 T». 7or z - 26.2 and 13.1 or T'/Tq = 4 and 2, 
no oscillations are set up at the \ipper travel and there- 
fore also none at the lower. For z = 21,8 and z = 17.5 
there are some oscillations after the up travel out these 
disappear during the down travel. This case always occurs 
when'^^T" is an inte.-rral multiple of the natural vihration 
period Tq . 

The greatest amplitude within the range investigated 
occurs at z - 19.6 where the phase difference is such 
that the amplitude is douhled. The triangular velocity 
curve investigated coincides approximately with the curve 
of figure 8. Since the latter is not accurately triangu- 
lar, a condition of complete ahsence of oscillation could 
not he attained at z = l^^^^.l, 17.5, and 21.8. 

It would seem natural to design a cam producing no os- 
cillations hy comhining, "by harmonic analysis, the first 
12 harmonics. This cam would produce absolutely no vihra- 
tions for z > 12. The straight lines of the upper and 
lower part of the cam would, however, according to this 
synthesis have to he replaced "by a wave form of contour* 
A more promising laethod would he to use a range of z giv- 
ing few oscillations; for example, z 21.8 to 28.4 (com- 
hinaticn of a zero point of the first kind with two zero 
points of the second kind). It should he noted also that 
the oscillation amplitudes for a sine half-^:vave are small- 
er than those for a triangular wave. 

The same zero points as in figure 19 appear when a 
spring without mass to which a point mass is attached at 
the center is caused to vibrate. We are therefore justi- 
fied in the assumption that a long spring with a guiding 
piston in the center would show the same zero points as a 
spring ^vithout a concentrated mass if the natural fre- 
quency f is computed according to the Dunkerley formula: 

f- f^2 ff- 

fin is the natural frequency of the concentrated mass 
attached to a spring assumed without mass. 

ff is the natural frequency of spring without the 
concentrated mass. 
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THE SETTING UP OF RESONANCE 



If a mass that is elastically supported is suddenly 
acted on "by a sine varying force having the same natural 
frequency as the mass, the latter will "be set vibrating in 
resonance and the amplitude vrill continually increase un- 
til after a certain time a steady state is reached. A 
spring "behaves in the same way. When the shaft speed is a 
multiple of the natural oscillation period there would "be, 
"if there were no damping, an equal increment in the oscil-- 
lation amplitude for each lift. Tue to internal friction 
in the material and air friction the amplitude "between the 
lifts decreases. A steady state is reached when the loss 
per rotation due to damping is equal to the amplitude for 
a single lift. 

The setting up of the resonance vi'Drations may be 
mathematically considered in the following way: 

The amplitude of the oscillation, as will later "be 
shown exper imiontally , decreases accord.ing to an exponen- 
tial law, the ratio of two successive amplitudes "being 
con s tan t 

An 

After one cam revclution , i.e., after z oscilla- 
tions the amplitude ratio becomes 

An 

The damped harmonic oscillation may he represented hy 
a vector whose end descri"bes a logarithmic spiral. In the 
case of resonance the vector, during one revolution of the 
cam, rotates exactly z times for every T^&O^ . If the os- 
cillation amplitude for a single lift is A (measured in 
nondimensional units '^dyn/'^c ^ this is superposed on the 
reduced amplitude of the previous lift A a^. The previ- 
ous lifts contribute the amounts A ^* , A ^ , A a"^^, etc. 
and their sum amounts to 

A (1 + + -f a^z ) = ^ = AR (15) 

1 - a 

To obtain the amplitude of the final resonance vibra- 
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tion the amplitude for a single stroke A must he multi- 
plied hy the resonance factor R = l/l-a^. 

Figure 21 shows the resonance factor plotted for 
z = 5 to 50 and An/An+i = 1.005 to 1.10. The chart is 
sufficient for all practical purposes. 

Between two resonance positions - i.e., for z = 

a + 0.5 (a is an integer) the phase difference of two 
superpoc.ed vectors is not 7^60^ as ahove hut (a + 0.5) 360^. 
Each vector therefore acts in opr^osition to the previous 
one and the "intermedia.te resonance factor" hecomes: 

A/i Z,2Z 3Z,4Z \ A 

1 + a 

1 > or > 0.5 

1 + 

In figure 22 the spring vihration was computed for 
^ = 19. The spaces in hetween stand for the lift which 
for simplicity was not indicated. After each stroke the 
oscillation receives the constant increment A until the 
loss hy damping hecomes equal to A and the steady state 
is reached. 

For z = a + 0,5, if there were no damping, the suc- 
cessive rotations would alternately give amplitudes of 2A 
and zero. On account of the damping, this does not occur 
hut instead the condition shown on figure 22 for z = 18.5. 
According to the amount of the damping, a value hetween A 
and a/ 2 is reached in the steady state. The same applies 
to the hull ding up of the oscillations for z = a + 2/3; 
for example, z = 18-2/?. Figure 22 should he compared 
with the corresponding oscillograms, figure 23. Figure 24 
shows the oscillograms for the resonance positions for 
z = 12 to 2 3 and was ohtained in the same manner a.s fig- 
ures 16 and 17. 

If the theoretically computed amplitudes for a sin- 
gle lift (fig. 18) are multiplied hy the resonance factor 
ohtained from figure 21, there are <^htained the theoret- 
ical resonance amplitudes of figure 25, which are in sat- 
isfactory agreement with the o scillographed amplitudes of 
figure 24, The damping required to compute the resonance 
factor was determined hy the exoeriments to he descrihed 
lat er . 
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FOEGEP SPRING OSCILLATION WITH TiAMFING 



The general solution of the differential equation of 
damped spring oscillation is, according to Hort r'reference 6) 

y = e*"^^ [Oi sin (cut - ax) + C2 cos (cut - ax)] + 

+ e"^"^^ [C3 sin (cut + ax) + O4 cos (cut + ax)J 

At the fixed end of the spring, let x = C and y = 0, 
whence we obtain: 

Let the end of tne spring x = I be moved "by an excentric 
in accordance with the law 

(y\ = l = ^ sin cut 

This end condition gives two more equations for determin- 
ing the constants. Carrying out the computation, we ob- 
tain for the damped and forced spring oscillation, the' 
following equation : 

^ e-2tl ^ 2 cos 2 al + e^t^l' ^ 

^ -2--il^I^lrl^ilco_s_al_sinXa^^^ 

e-2bl ^ 2 cos 2 al + e^^^ 

(16) 

From this equation, by neglecting the damping coef- 
ficient b, there is obtained the simple relation which 
was first given by Frohlich: 



y = r sln__yjt _ J i n__ax (17) 
sin al 

The constants a and b may be determined by substi- 
tuting a part integral into the partial differential equa- 
tion: 



a/ o 



If / 0)^/2 2.i2\.|Jl 2l~^U 
i V <^ C J Wg 

(18) 



b 
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The changes in the spring force at the fixed end. of the 
spring are obtained "by the partial differentiation of 
equat i on ( 16 ) : 

(P) = c (ll^ 

Since we ere interested only in the amplit-ade for the 
case of resonance re set in equation (16), as the condi- 
tion for resona^nce, the approximation 

al ^ I = rr 



The result of "both operations gives 

ruuc 2 



(p) 



x = o 



dyn 



sin (cut 4- \\f) 



The force for very sIot? motion is equal to 



Pq = f c sin (jut 



and the ratio of amplitudes is 



Pdyn 




Po 





— 



0J_ ^ 2 ^ ^ 2 



(19) 



Prom equation (9) we ohtain for a single sine motion of 
the spring end (z = 1, h = r) 

To 



The i'esonance factor (lor z = 1) 

1 



" ^"'An > An 



is transformed "by the means of the relation: 

An 



_k _l 



?U = 2 ^ = ^ To 



In 



An+i 



into 
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1 e^^ 

^ ' r:~- 2H ;n ""'e-n 

The approximate equation then reads: 

'^dyn ^ e^"^ . ^ ^ 

= 2tt ~r (20) 

and differs from equation (19) only loy the factor e^"^ 
which, for springs that are damped "by the air resistance, 
may "be set equal to 1 to within a few percent. The dif- 
ference consists in the neglecting of the damping during 
the lift in the case of the approximate solution. 



FREE VIERATION OF THE SPRING 



The fundamental frequency for round steel springs is 
computed hy the formula 

f = 35 8,000 —2- 
' pd 

where 5 is the diameter of wire in millimeters 

d, m.ean c.ianieter of coil in millimeters 

p, numher of coils 

To test the accuracy of the calculation, the natural 
frequencies of 10 springs of various dimensions were meas- 
ured. The springs were set vihrating at their natural 
frequencies and an oscillogram obtained for the steadily 
diminishing vibraticns. By comparing with the accurately 



following natural 


frequencies 


were 


est at li shed: 


6 = 


Z 


4 


4.5 


5.5 


6 mm 


d = 


36 


38 


38 


4C 


40 mm 


P = 


9 


12.5 


. 9.5 


9 


4 turns 


f measured = 


104 


85 


114 


141 


348/sec. 


f computed = 


92 


79 


117 


137 


335/sec. 
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6 = 


6 


6 


6 . 5 


7 


8 mm 


d 


.'^8 


42 


44 


43 


40 mm 


P 


11 


14 


9 


7 


15 turns 


f measured - 


. 135 


87 


152 


198 


119/ sec . 


f CDmputed - 


1,^5 


8? 


133 


194 


119.5/ sec . 


The deviations are 


such 


that 


any a 


ttempt to avoid 



resonance "by computation "beforehand is unsuccessful. The 
resonance speeds at a natura^l frequency of 6 , OOO/ m inut e , 
for example, are: 

300, 316, 333, 353, 375/minute 

The critical speeds lie so near each other that resonance 
is set up in the spring almost at any engine speed since 
the free oscillations of identical springs deviate slight- 
ly due to faults in manufacture. To avoid spring surges 
it is therefore necessary to compute only the ranges with- 
in which there occurs little vihration if there is no pos- 
sihility of ohtaining sufficient damping. 



THE LAMPING OF SPRING OSCILLATIONS 



The general differential equation for damped spring 
vibration according to equation (1) includes the following 
solution for the free oscillation: 



y = e 



Tf- t rr 

2-^1 A-^ sin cU|;t + cos uj^t 



where 



sm — X + 



sin uupt 4- Ti^ cos uu^t 



CO 



s -r X > 



2 2 



_k_ 



1/ 



According to the mode of excitation, the dying-down 
vibration may "be considered a.s made up of standing waves 
of various orders. The T)eriod changes very little with 
the order, ExamDle: 
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Example: O)^ Z 120C; 

(jUi = 0.9992 a;.:,; a'oo = 1.000 uuo 

After a completed fundamental vilratitn, therq is set 
"•ap t^etween the fundamental and a higher harmonic a phase 
shift of at most 0.^^. The form of the curve therefore 
changes little during the dying down of the oscillation as 
Jrohlich has shown in a simple experiment. 

The form of the solution likewise shows, however, that 
the amplitudes, and therefore als^ the stresses at the 
spring end, decrease at the same ra.te in the same time in- 
terval for all orders according to the amount contrituted 
Try the quotient k/2[i. The reduced mass per centimeter of 
wire \i depends only on the wire diameter and r^n the spe- 
cific weight, and k is a function only of the wire diama- 
ter. It is therefore to he expected that k/2|j, is like- 
wise dependent cnly on the wire diameter. In order to test 
this assumption, the damping of the oscillograms which were 
used to determine the frequency was evaluated. In obtain- 
ing the damped curves the sensitivity of the indicator was 
so adjusted that the vibrations died down .in the same man- 
ner as those of spring vibrations. The oscillrgram of such 
a vibration (fig. 26) revep.ls vibration phenomena of a type 
that could not entirely explained. It was at first 

thought that they were vibraticns transverse to the spring 
axis. oimilar phen^lumena were revealed to a slighter extent 
in. the case of the other springs. 

Fi gur e 27 shews the logarithms of the amplitudes plot- 
ted against the oscillation number for severa.l springs. A 
straight line was drawn through the scattered points. (The 
series of points forming a wave belongs to the oscillcgram 
(fig. 26).) The inclination of the straight lines deter- 
mines the value of the damping. The magnitude 

k . , An 
— = f I n — — — 

2m. An+i 

plo t.t ed ^ again st the wire diameter (fig. 28) shows that the 
former is affected by still another factor. It was par- 
ticularly observed that in the ca.se of f hMT springs having 
equal wire diameter and approximately equal diameter of 
coils, the damping was smaller the longer the spring. The 
values fc*-r the damping wer e : 

Ne. of turns p = 4 11 14 1? 

k/2M, = 7.2 3.3 1.45 0.58 



k/2|^ = 5 




?0 
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This effect can only be explained as due to the addi- 
tional damping at the end of the spring, which we may de- 
note as the loss due to reflection, and which is composed 
of the following components: 

1* Friction of the spring wire at the spring end. 

2. Friction l^etween the spring coils during the 
unwinding of the last coil. 

• ?. Dissipation of sound energy from the spring 
end to the engine mass. 

That reflection losses which cannot "be taken into ac- 
count "by computation occur, could he .confirmed hy the fol- 
1 owing test: 

The same spring (6=6; d = 40; p = 17 ) under . 
identical conditions was successively supported on leather, 
ruhher, and "po lyo er i t e , " and investigated for damping. 
The supports consisted of rings of 5 millimeters thickness 
and of the sane inside and outside diameter as the spring. 
The rings were inserted at each end "between the spring and 
the spring washer. Figure 29 shows the oscillograms oh- 
tained, the initial amplitude heing the same in each case. 
(The softer the support, the greater the Iq.ss "by reflec- 
tion.) Considerahle damping may "be p.ttained hy pressing 
sheet-metal tongues against the spring, and the damping 
could he adjusted hy the Pvmount of pressure applied. In 
figure 30a, for example, the vihration dies down conplcte- 
iy daring one rotation; ?0h was ohtained with the spring 
in luhricating oil. With cylinder oil no oscillations 
could he observed between z = 12 and 24. In order to ren- 
der the magnitude of the damping visible, the spring was 
slackened to such an extent that it began to knock against 
the follower and started a vibration (fig. ?0c). 

EFFECT OF INITIAL SPRING TENSION 

In accordance with the theory developed, the ampli- 
tudes of the resonance vibrations should be independent of 
the initial spring tension. Swan and Savage found, however, 
an increase in the amplitude with increasing initial ten- 
sion. The ^^uthor has, therefore, for z = 2C , varied the 
initial tension from the knocking spring condition until 
the condition where the coils almos t touched (fig. 31 ) . • 
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The average play l?etT7een the turns at the upper cam posi- 
tion was chosen as parameter (fig. ?lc). The natural vi- 
brations increase somewhat with increasing initial tension 
in agreement with the results of Swan and Savage, since 
the spring becomes somewhat shorter "by the compression of 
the spring end (fig. ."^'It). 

At a play of 3 millimeters the roller begins to knock 
a.nd for this reason the spring is damped somewhat. As the 
play "becomes smaller the amplitude diminishes almost inap- 
preciably while there is a strong decrease between 1 and 
0»r^? millimeter. The damping here increases because the 
spring coils at the upper cam position touch each other. 
A shrill sound is emitted whereas for a. smaller initial 
tension a deeper hum corresponding to the natural frequen- 
cy is heard. 

EFFECT OF PLAY BETWEEN GAM AND FOLLOWER 



Swan and Savage found a strong variation of the vi- 
bration frequencies with the amount of follower play. 
This is to be expected since the velocity of the spring 
end varies with the amount of play of the roller. Swan 
and Sa^vage increased the amount of the play up to 1.5 mil- 
limeters for a lift of about 9 millimeters. In the pres- 
ent set-up the lift was 18 millimeters, and for a play of 
the roller of 0.8 millimeter, the knocking was so strong 
that no increase in the play wp^s possible. Within this 
limiting value diagrams were obtained for four different 
plays for a single lift and compared with the theoretical 
one (z = 2G ) • The comparison shews that the amplitude 
for a play of C to 0.6 millimeter between cam and follower 
does not appreciably vary (fig. ^?.). 

When the vibrations are few, for example, z = 1?, 
the conditions are different. In this case a certain ve- 
locity is suddenly set up at the beginning a,nd epd of the 
velocity curve where a small triangle is cut off. With 
these triangles superposed according to equation (9), 
there is obtained an oscillation diagram showing a large 
number of sharp points (fig. ^3). There was no agreement, 
however, with the oscillogram since the shocks due to the 
strokes were transmitted to the qua.rtz crystal and cov- 
ered up the details on the oscillogram. 
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Assuming the camshaft to "be accelerated to a con- 
stant rotational velocity l?efore the first lift stroke 
l?egins, then at the start of the first stroke the tension 
increases linearly T7ith the velocity of the spring end up 
to the return of the disturbance which is reflected at 
the fixed end of the spring. The succeeding ^tresses are 
the result of the superposition of all the disturbance 
waves that run up and hack and oscillate ahout a mean line 
that increases linearly with the lift. 

After the first lift there remains behind an oscilla- 
tion which, for example, for 10 natural vibrations per ro- 
tation, contains the 10th, 20th, .^Oth, etc. harmonics of 
the velocity curve. The amplitude of the vibration is 
more easily computed with the aid of superposition than by 
mems of harmonic analysis. The magnitude of the vibra- 
tion excited after the first lift as a function of the 
number of vibrations per turn indicates to the designer in 
what range of engine speeds particularly large resonance 
frequencies are set up. It is shown by means of an exam- 
ple how a sufficiently large range of rcti^ticnal speeds 
may be obtained within which little vibration occurs. 

If the natural frequency is an exact multiple of the 
cam speed the vibration amplitude -'ill increase by the 
same amount af.ter each stroke. As a result of the damping, 
however, a steady state will be reached as soon as the in- 
crease per rotation has become equal to the loss by damp- 
ing. In a set of curves a resonance factor is given by 
which the computed amplitude of the first lift must be 
multiplied in order to obtain the final steady amplituide. 
This resonance factor changes with the amount of the damp- 
ing and with the number of oscillations per rotation. 

The damping depends not only on the air resistance 
and on the internal friction of the material but also on 
the manner in which the spring is supported (loss by re- 
flection). In lubricating oil the damping is so large 
that the vibrations die down before the next lift stroke. 

The phenomena described were confirmed by numerous 
tests with cams and springs. Oscillograph measurements of 
the forces at the spring ends show satisfactory agreement 
with the curves computed beforehand. 

The present work was carried out at spare intervals 
at the physics laboratory of the firm of Sulzer Brothers, 
Winterthur. The firm kindly placed at my disposal the 
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spring test apparatus, the Siemens Universal oscillo- 
graphs, and the quartz indicators, for which I here take 
the opportunity to express my sincere thanks. 

I wish to thank Professor Eichelherg, who submitted 
my report, for the kind interest he has shown throughout 
my investigations. 



Translation "by S. Reiss, 
National Advisory Committee 
for Aeronautics. 
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Tigore 5,-> Resonance frequencies of spring with 

nat\iral frequency of 7540/min« Tigure 4.- Section 
Nos. 260 to 430 indicated rotations per minute. through 

Hos* 29 to 17*5 indicate number of free the test apparatus » 

oscillations per rotation* a = test spring. 




fig^S. 
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7igs. 6,8.9.10»11,1S 




cm/deg- 



Tifure 6«- Scheme of connections 
of amplifier* 



cm/deg. 





0« 



20° 



40° 



60» 



Velocity cixrye* 



Figure 11 CoBiputed 
■trees curve, 
a, at the station- 
ary end of the spring 

at the moving end 
of the spring* 




140» 




0« 

cp - 



20" 40<» 60<> 80° 100° 120° 140° 160" 



Tig. 9 





Figure 12.- 
Oscillographe 
of stresses 
of figai. 

a, at station-* 
ary end of 
spring. 

b, at moving 
end of spring. 



Figure 9.- Stress variation for a 
single lift for i=16.4. 
Curve to replace the exact 
dh/d9 curve. 

Stress computed from curve a. 
Stress computed from exact curve. 

Figure 10.- Section through spring 
with quarts indicator. 

a, rigid support. 

b, q:uarts crystal. 

c, electrode to amplifier. 

d, moveable guide. 
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Figs. 7,18,19 




Figure '7.- Reflection of disturbance at a fixed wall. 

a = stress. c = moving eni jf spring, 

"b = velocity. d = reflecting wall. 
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wave theory and comparel with the results 
uf harin.-nic analysis. 




3 4 5 6 

t/To 

Figiare ly.- Oscillations after spring is comprossel, then 

released, a = v;ith triangular f orm if velocity 
curve, b = with vol/City curve in form of half sine v/ave. 
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Figure 14.- a, proof of the existaace of the second (more accturately 
even) harmonicB hy adding electrically the forces at the 
spring ends. 

b, coinpariton with the forces at the stationazy end (s = 19). 
Both curves were obtained one directly after the other. 




figure 13* • Spring stresses at 

both ends of the 
spring synchronously recorded 
(s = 20). 

a, stationary end. 

b, moving end. 




Figure 15.- Difference of end 
pressures 

a, building up again of 

daisped oscillations diuring 
the lift stroke. 

by dying down during down 
motion of the cam» 




Figure 16.- Figure 17.- 

Oscillograms Same 

for single curves 

lift. computed. 
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Figs. 20.21,22.23 




Figure 20.- Computed etresB 
curvet for a 

^'/^o /■''o ^^^^6^*^ velocity curve. 

6 

5^4 




20 ?F. 30 35 40 45 50 

Figure 21.- Resonance factor for 
different ntanbers of 
oeclllatione per rotation. 



Figure 23.- Building up spring 
vibrations, 

obtained with oscillograph, 

Nos. 1 and 2: s =: 19 

3: s = 18 2/3 
4: £ = 18 1/2 
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Figure 22.- Building up spring ^-"'ziieC 

vibrations after 
the first lift (conqputed). 2»i8v. 
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rigs. 24.85,26»37,28,30 
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l\fprt% 25. « Sesonaxica aoplltiidas m cooputad 
and as obtalnad with oscillograplu 
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flgura 26.- DSrinc dovn of sprlnc vibration* 
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Yigort 24.- 
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Oscillograms 






for 


4 




resonance 
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conditions* 
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0123456789 mm 

figure 28.- Demplng of tested springs 
as factions of wire diameter* 



4.5 38 9.5 

6.5 44 9 

3 36 9 
6 38 11 
6 40 4 
5.5 40 9 




20 40 60 80 100 

figure 27.- (hraphical determi- 
nation of damping* 



Tlg^Fa 30.- Spring Tibratioii 
wltli strong 
daq;>ing. 
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Fi2«. 29,31,32.33 




Tigur9 29.- Stfect of yielding support* 
on damping. 

a, without any support, c, leather ring. 

b, polyperite ring, d, rubber ring. 




Figure 31.- 

Effect b c njiiimiimiiiummi 

of initial 89.7 0.33 '^•'^'^•'^''^•^^ 
tension: 395 0.50 ' 
a, compar- 
ison 89.5 0.66 TV'V'V"^ 

b frequency^ 
600/ sec. 

natural 
spring 
frequency 
c per sec. 
c, play 
between 
coils 
in xzsQ. 



87 3,00 





Figure 32.- Comparison of computed spring 
forces with oscillograms with 
play of roller varying between 0 and 
0.8 mm. (s = 20). 



Figure 33.- Increase of 
oscillation 
amplitude due to play 
of roller; 

a , without play. 

b, with 0.8 am. play 
U = 17). 



